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ABSTRACT 


Metal arc fusion welded mild steel joints 
have been subjected to thermal cycling treatment in the 

O 0 

temperature range of 650 - 91 0 C with a view to refine as 
welded structure and study the effect of refined structure 
on the fatigue behaviour of the joints. The fatigue tests 
have been performed on unnotched and notched specimens, 
over a stress range, 0 to +ve stress values less than 
ultimate strength of the base material. It has been 
observed that thermal cycling refines the micro structure 
considerably. However, fatigue behaviour is adversely 
affected. The crack propagation rate in the fusion zone 
has been found to be lower than that in the heat affected 
zone. The results have been explained in terms of oxide 
inclusions that are precipitated during thermal cycling 
treatment and threshold stress differences between the 
treated and untreated samples. 



CHAPTER I 


INTRODU CTION 


y 


/ 


1.1 Fusion welding process is extensively used for 

fabrication of steel structures. Strength, of such struct- 
ures very much depend upon the strength of individual 
welded joints. Ideally? the strength of the joints should 
be equal to or higher than that of the base steel used in 
the structure. But invariably it is not s# because of the 
fact that the fusion welding involves localized heating 
of the base steel to high enough temperature to cause 
melting and then fusion. The localized high temperature 
heating brings in its wake number of structural changes in 
the base metal. The mechanical properties most affected are 
ductility? fatigue strength and fracture toughness, Static 
properties, viz, yield and ultimate strength are affected to 
much lesser extent. 

1 *2 Factors aff ecting fatigue be haviour of fusion 

Welded joints ; 

Following factors have been observed to affect 
the fatigue strength of the fusion welded joint: 
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1. Presence of Residual tensile stress 

2. Weld defects 

3. Rough surface and weld toe 

d. Microstructural changes associated with the 
process of welding 

1.2.1 Residual Stresses ; 

During the fusion welding process large scale 
thermal gradients are set up due to localized nature of 
heating and cooling. Metal in the fusion zone contracts 
on solidification during cooling, setting up tensile resi- 
dual stresses in the transverse and longitudinal directi- 
ons. These stresses and the applied external stres’sTj’in an 
early onset of the fatigue cracks at the surface and thus 
reducing the fatigue strength. 

Pig.- 1.1 depicts the residual stress pattern 
set up during fusion welding ( butt joint) . 

1.2.2 Weld Defects: 

(i) Fusion welding involves formation of molten 
metal pool which subsequently solidifies. All those defects 
associated with solidification processing ( altenatively 
casting ) such as voids, inclusions and hot tears ( cracks) 
may be found in the weld region in the absence of proper 
process control. 




Compression «#^|«===s?> Tension 
Typical residual stresses around a butt-welded joint 








Besides the casting defects there are other ones 
viz* lack of fusion ( ox the base steel ) and penetration 
( ox the molten metal ) . Defects like voids, inclusions, 
crack and lack of fusion act as stress raisers and lower 
the fatigue strength considerably. 

1.2.3 Effect of Rough surface and Veld toe : 

The process of welding always forms a mill scale 
on the surface of the structure, making it rough and hence 
reduces the fatigue strength. 

In the absence of weld defects, the major stress 

concentration in a specimen containing a transverse butt 

welded joint with the weld reinforcement left in the as 

( 1 ) 

welded condition occurs at the weld toe ( aeo Fig. -1.2 ) 

In such a specimen it is therefore from the weld toe, either 
of the top or of the back run, that fatigue failure invari- 
ably occurs. 

1.2.4 Micro structur al changes during fusion welding and 
its effect on fatigue behaviour : 

The inherent characteristics of the casting pro- 
cess are present in the formation of a fusion weld. Nuclea- 
tion and growth tendencies are influenced by the chilling 
action of the parent metal to produce a variable grain 
size within the weld. In multi-pass welding process each 



Fracture 




succeeding pass forms a heaS affected zone in the weld 
metal immediately below, and refines the grain in that 
regi on. 

Generally five distinct zones form due to the 

( 2 ) 

process of welding, those are v '% deposited metal having 
structure of cast metal, coarsened grain region, refined 
grain region, transition and unaffected region. The first 
phase that form during cooling of the molten metal in fusion 
zone is pro-eutectoid ferrite as a net-work or in parallel 
laths and high carbon transformation products such as fine 
pearlite and bainite form between the ferrite grains. 

Coarsening of the grain takes place in the region 
where peak temperature exceeds the grain coarsening temper- 
ature . 

Grain refinement occurs in the region next to the 
coarsened zone. The refinement of the grains indicates 
heating of the region just above A^« 

In the transition zone, a temperature range exis- 
ts between A-j and A^ transformation temperatures where 
partial allotropic recrystallization takes place. Next to 
this zone is unaffected zone having the typical grain 
structure of the parent low- carbon steel which has not 
been heated to a high enough temp. to reach the critical 
range; hence, its structure is unchanged. 
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It is clear f remnsabove discussion that, process 
of fusion welding resultsv,a characteristic microstructural 
changes in the weld zone, and it is very much heterogeneous 
throughout the region, Formally, fatigue failure takes 
place in the weld zone of a welded structure and due to 
peculiar structural distribution, one can expect a quite 
different mode of crack initiation and propagation. The 
grain size distribution and its morphology may be one of 
the cause of lower fatigue strength of welded steel 
structures. 

In addition to the changes in micro structure, 
welding also results in introduction of hydrogen into the 
material. 

1 *3 Methods of Improving the fatigue life of welded 

.joint: 

It has been discussed in previous section that, 
in comparision to their static strength, the fatigue stre- 
ngth of welded joints is quite lew. For better performa- 
nce of the structure, it is therefore often desirable to 
use means of improving fatigue performance, and a number 
of possible methods will be discussed in this section . 
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1.3.1 Removal of residual stresses ; 

The process of fusion welding inherently suffers 

from the problem of residual tensile stress. So, simplest 

method for improving fatigue performance of welded joint 

is -relieving the residual tensile stress. Which can be 

done simply by subcritical annealing or by mechanical- 

vibration in all directions. However, life can be 

3 

improved further by introducing a residual compressive 
stress at the notches at which fatigue cracks are likely 
to initiate. The techniques are : Prior over loading, 
Peening, Local compression, Spot heating and Gunnert 
method. 

1.3.2 Production of defect free welds and machining 
of toe: - 

Defect free welding is very imp or tent requirement 
for nice fatigue service of the structure. Though advance 
processes of welding like GTA welding, SAW, ESW etc. yield 
relatively defect free joints, , control of defects is a 
tough job if welding is dene by most popular manual arc 
welding process. • High ba.sic, deep penetrating 

electrode, high welding current and proper welding con- 
ditions are helpful inwcoutrol of dfects. 



The stress concentration resulting from the 
formation of f toe r leads to lowering of fatigue strength. 

Toe can be eliminated by grinding or machining the excess 
portion of the weld deposit and smo otheni*jt he surface to 
the level of the base metal. 

1.3*3 Improvement of fatigue strength of fusion welded .jolts 

by micro structural refinement : 

It is possible to refine micro structure «f fusion 
welds in terms of proper grain structure and morphology by 
heateatments like annealing, normalizing or hardening and 
tempering. However refined structures obtained through 
various conventional treatments have not clearly demonstrated 
any positive gain in fatigue strength. 

1 . 4 Objective of present investigatio n: 

It has been observed that an unconventional trea- 
tment called 1 thermal cycling, 1 which involves heating 
and cooling repeatedly through a temperature range during 
which phase transformation can occur in a given material 
in solids state, can load to fine grained structure. Such 
a treatement is expected to lead- to homo genit yin welded 
structure accompanied grain refinement. 

The main objective of the investigation reported 
in this thesis therefore concerns with the study of 
thermal cycling treatement on the structure and fatigue 
behaviour of fusion welded joints in mild steel. 



CHAP TE R II 

REVIEW OF LITERATUIiE 


Presented in this chapter is a review of 
literature concerning fatigue strength dependent on grain 
size and fatigue cracl: propagation in welded joint. 


2.1 Grain size effect on fatigue strength : 

It has been verified by several investigators 
thatoc-iron and its dilute solid solution follow the foll- 
owing equations: 

6“o=6i + Kd" 1 '/ 2 

i „-j / (2.1) 

6* = Si + E ! d V 2 


( 4 ) 


where <S~'o is the lower yield point } <S& the flow stress, 

r 

<5 i and ° i the friction stress, K and K T are constants, 
and d is the grain size. 

( 5) 

It has been found by Sinclair and Craig 
that the fatigue limit also depends on grain size in the 
same way as & o and <51 . 

6" c = C^+Cg d -1 / 2 (2.2) 

where <5*0. is the fatigue limit, C^ and Cg are constants. 

( 6 ) 

This equation has been verified for both substitutional v 
and interstitial solid solution. 
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( 5 ) 

Klenil, Halzmann. Lukas and Rys v had 
w?rked on 0-1 1/5 carbon steel, and it Was found that 
when a low stress amplitude is applied the resulting 
values . f fricti 'nal stress and strain amplitude are 
independent of the gain size, but the life of the speci- 
mens and the fatigue limit tuth depend on grain size 
( see fig. -2.1 ) It was explained that the blocking eff- 
ect of grain boundaries on the spreading of persistant 
slip bands plays an important role in the latter stage 
of the fatigue process. 

It is reported ^ ^ that, the S—N curves for 
fine-grained specimens exhibit a sharper bend and become 
more nearly parallel to the N axis at higher stress level 
than those for coarsed grain specimens, regardless of 
the testing temperature. 

2.2. Variation of fatigue crack growith rate with 
ferrite grain size: 

Ine variation of fatigue crack growth rate 

with ferrite grain size in the pearlitic alloys is shown 

(S') 

in fig.- 2.2 based on the work of Aita and 'Weertman . 

It was found that an increase in mean ferrite 
path corresponds to an increase in crack rate. 

Similar crack growth rate was observed for 
hot-rolled ]?e-0.04v( C (15 ferrite grain dia, 5 Vol.pct. 



30 




*4U 5*1 


I mtlvmm »* grmlm mtm 


m tmUm* pmp*v%w &t 


If 



d3/dN (lO ^m/cycte) 





Grain Diameter (pm) 

-Variation of fatigue crack growth rate with the fer- 
i^rain size in pearlitic aUoys whi -e h obey Eq. [1] w - ith m 
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pearlite) and annealed Fe~ 0,45S^ C (20/-' l -m ferrite grain 
dia, 55 Vol. pet, pearlite). has - s - im i- la-r- crack — growth 
rette-g. 'The path of cracking was found preferentially 
through the free ferrite. It was observed that as long 
as there was a continuous ferrite path for the crack to 
follow, the effect of pearlite amount, morphology, and 
distribution is secondary. In general pearlite colonies 
act as mechanical barriers to the growing crack . 

2 * 3 Fatigue cra c k propagation in weld metal and HAZ- : 

( Q) 

It has been observed by several investigators ' 
that the rate of growth of ferrite crack in weld metal and 
heat affected zone (HAZ) are also related to the instan- 
taneous value of stress intensity factor and they follow 
the relation 

dl/ dU= A (A K) m (2.3) 

where A K is stress intensity factor correspo- 
nding to the range of applied stress feS . 

A and m ( value of m varies from 2 to 3 ) are 
material constants. 

The equation may be written in the form, 


In (dl/dK) = InA+mln A E 
which is an equation of st. line 


(2.4) 
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The rate of crack propagation can be obtained by the slope 
of the plot between crack length and no. of cycles of 
applied load (N). 

The range of stress intensity factor&K can 
be calculated simply by using relation ( for plain strain, 
mode I crack propagation) 

AK = yA<S Jn. (2.5) 

In (dl/dE) vs ln&K plot is shown in fig.- 2.3. 

2.4 Effect of grain size on formation of propagating 
fatigue crack ; 

Eig.-2.3 representing dl/dN vs & K r shows 
a critical value of the stress intensity factor AKe, below 
which a fatigue crack will not propagate. 

Forrest and Tate^^ report that stage I 
micro cracks extend over the length of one grain only. 

They found that an edge fatigue crack of length 1 in a 
plate subjected to a cyclic stress + 4yS" would not grow 
if the parameter&G'^l was less than a material constant 
0 ( independent of grain size). This indicates that 
the fatigue limit increases as the grain size decreases. 

2 . 5 Fatigue crack path: 

For the rate of crack propagation in the weld- 

( 11 ) 

ment and HAZ work has been done by Dawas and Richards v 1 . 



STRESS 
!N TENSITY 
AK 



Figure z-'il-atii'i-'e crac 



Two tests were performed at the same conditions of &K 
and Kmax. with a HAZ lying 75° to the tensile axis. In 
one test the crack was propagated from the mild steel 
towards the weld and again the crack started to slow 
down before the crack tip reached HAZ ( see fig.- 2.4). 
Crack did not penetrate the weld metal and propagated 
parallel to the interface with slowest rate. 

In the other test the crack was propagated 
from the weld to the parent metal. Apart from one point 
at the interface the rate of propagation increased on 
passing from the weld to HAZ. The low value of propag- 
ation rate at the interface tfas attributed to a sharp 
change in crack direction as the crack moved parallel to 
the tensile axis for a short length. It was found that 
the crack propagation rate in the HAZ, for identical tes- 
ting conditions depends on the direction of propagation, 
the rate being faster when crack propagated towards the 
mild steel than towards weld. 

2 - 6 Effe ct of heat-treatment on fatigue property of welds: 

Tests on fillet welded low alloy steel sped- 

f 1 2) 0 

mens 1 showed that, heat-treatement in vacco at 960 C 

for 1 hr, eliminated the HAZ structure and the final str- 
ucture was the same as that of the parent plate* A reduc- 
tion in the hardness of the zone was found. The fatigue 



ft*rK N *4T£ #in/c 



i^2<i - Variation in crack propagation rate and hardness 
mug the fatigue crack path through a mild steel H. A//, at 
.» u**g to the tensile axis. 
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strength of these heat treated specimens was approxi- 

o o 

mately 8 tens/ in^ compared to 12 tons/in for the as 
welded specimens. Hence, when the suspected HAZ stru- 
cture was removed by annealing the fatigue strength decr- 
eased rather than increase, 

( i •*) 

Gurney^ ' has reported that normalising 
produces a small increase in strength both in mild steel 
and low alloy steel. Reason of improvement is supposed to b«. 
the relief of residual stress. 

Effect of thermocyclic treatment on the tensile 
properties of the welded joint is done by Vargosov, 

Mansurov and Titov Specimens were subjected to thermo- 

cyclic treatment, consisting of vacuum heating of the speci- 
mens to 950°C with the rate of 15-20°G/ Sec. followed 

0 . 

by cooling with the rate 10 C/ Sec. An increase in UTS 

( from 4-5 to 56 Kg mm~ ) ana yield strength ( from 31 to 

—2 

41 Kg mm ) was found. 



CHAPTER III 


EXPERIMENTAL PROCEDURE 


Experimental proc^Jure of the present work is 
presented in this chapter. 

3 ♦ 1 Materials : 

Mild steel plate of 3/8 in. thickness was 
used as base metal in the present investigation and 
welding was carried out by nild steel electrode (I3:E 614-411), 
Chemical composition and tensile test results of the steel 
plate are given in tables 3.1 and 3-2 respectively . Details 
of the electrode is given in table 3.3. 


Table 3.1 

Chemical composition of the steel plate 


Element 

c 

Mn 

Si 

S 

P 

Wt / 

0. 10 

0.93 

0.14 

0,01 6 

0.02 


Table 3.2 

Tensile test results of steel plate 


Yield Strees 

Kg/'flwt^ 


UTS ? 
Kg/ma 


% Elongation 


23.6 


40 


36 
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Table 3.3 

Details of electrode IS: E 614 411 
Carbon content-0. 1 1% 

Method of manufacture- solid extrusion. 
Flux - Calcium carbonate and fluoride. 


Tensile test results 


Yield stress 

Kg/ mm 2 

UTS Kg/rom 2 

<?o Elongation 

30 

41 

20 


3 • 2 Welding Procedure: 

2 

Mild steel plate was cut into 20x17 cm pieces 
and double 60 degree shape was given to long edges of the 
plate pieces, shape and di-mensions of the plate is shown 
in fig. 3.1. At a time two edges prepared plate pieces 
were taken and welded by manual arc welding process. Then 
20 x 34 cm joiru-ed plates were cut into 2 x 34 cm pieces. 

3 • 3 He at - treatment : 

In the present experiment welded steel pieces 

wero thermo-cyclic treated. The upper and lower critical. 

0 0 

temperature for the alloy were 890 C and 723 C respectively. 

Pieces -wore heat-treated by oxyacetylene flame 
and a very few in furnace. Before the he at- treatment of the 
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samples by oxyaeetylene gas toureh’^were cleaned to 
remove oxide scale from the surface and the hot junction 
of the thermocouple was welded on one of its faces at the 
centre of weld metal. A region near the weld metal ( appro- 
ximately 2 in. on either sides of weld metal) was heated 
by flame. During heating the flame length and ils distance 

from piece was kept constant to attain a constant heating 

0 0 

fate. As soon as thermocouple had indicated 910 C ( 20 C 
above Ac^) , the flame was removed and piece was allowed 
allowed to cool in air. When temperature decreased to 

0 O 

650 0 it was again heated by flame up to 910 C and the 
process was repeated for five times. Heat treatment cycle 
is shown in Pig. 3.2. 

The pieces for heat treatment in furnace, 

o 

were kept in the furnace maintained at temperature 91 5 C 

for 20 min. and after that they were withdrawn from it and 

o 

allowed to cool in air up to 650 C „ Pieces were again 
placed in the furnace for 5 min. and process was repeated 
for five times. 

3-3 Specimen for Fatigue Testing : 

Specimens for testing fatigue strength were 

2 

prepared from the 2 x 34 cm pieces. Di.naension of the 
sample ox* shown in the Pig. 3.3(a). The longitudinal axis 
of all specimens was kept parallel to the rolling direction 
of the parent plate. 



C-0' 



Fig. 3.2, Fe -C equilibrium diagram end heal treatment cycle. 




Fig. 3.3. Co) Fat igu® test specimen. ■ 

(b) Position of the notch in HA2. 

(c ) Weldment 

(d ) Notch and lines for measurmeni of crack rate. 
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For making notch at the desired location in 

the weld zone, some specimens were macro cached in the 

0 

hot HC1 acid. 7-notch (45 and 1 mm deep) were made at 
HAZ close to weld-ment or at weldment. Specimens were 
repolised before test. 

3 • 4 Fatigue testing: 

Fatigue test was done on MTS 810 system. For 
all tests, pulsating tensile stresses with minimum 
stresses of zero, were used and all the time load cycles 
had Haver sine shape » All specimens were tested within 
frequency range of 15 to 25 Hz. 

First set of experiments was done on specimens 
without notch. The stress levels were decided on the basis 
of the UTS of the parent material ( because fatigue strength 
of steel is approximately 0.5 of the UTS) and tests were 
carried out on untreated and heat-treated samples for 
determination of fatigue life of samples corresponding to 
the applied stress. 

Second set of tests were done on untreated 

(G-TTJ 

and gas tourch thermocyclic treabed/specimens having 
notch at HAZ, close to weld metal. 

For measurement of crack propagation rate lines 
were dr#wn at equal interval ( 1 mm) on the width face of 
the specimens ( see Fig. -3. 3 ( d) ) » 'When crack started 
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propagating the number of cycles were noted against 
position of the crack tip as well as fatigue life 
corresponding to that stress vaw noted down. 

Third set of experiments was done again on 
untreated, G-TT and furnace thermo cyclic treated (FTT) 
specimens but notched at xfeldment. Crack propagation 
rate and fatigue life correspondingtovari ous stress 
level were measured. 



CHAPTER 17 


RESULTS 


Thermocyclic treatement results into changes in 

t 

'micro structure,, hardness' and fatigue behaviour of the 
welded joint. Changes in all these observed properties 
are presented in this chapter* 

4.1 Microstructure : 

Microstructures of different zonesof treated and 
untreated samples are given here, 

4.1.1 Unheat-treated : 

Micro structures of untreated weldment are shown 
in fig.- 411 and 4.2. It is clear from above two figures 

that micro structure in the weldment is not same. Actually 
two distinct structures are a characteristic feature of 
multi-pass welding. Annealing of first deposited metal 
took place due to the subsequent process of metal filling . 

Micro structure of HAZ close to the weldment is 
shown in fig. -4. 3. Widmanstatten structure was observed 
"‘in that region. *'* 



<? *} 



Optical mlomgmpim ©f dlfforoat z&mo of mheat- treated aatapXo* 
4*1 WtMsaont* 4$0* # 4*2 H©&t affootod Xayor of weldawat, 450 * 

4*3 Soot affootod aoao of paroat aotal oloa© to \peldaent, 450 a* 
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4.1 . 2 . G-as tourc h t hermocy clic treated ( GTT) sample : 

GTT changes the structure of the weldment 
into equiaxed grains, shown in fig- 4.4 and 4.5. Grain 
size, not found uniform throughout the cross-section. A 
slightly finer grains were observed ( Av. grain size 9- 8 h- 
fig.- 4 . 5 ) on the surface than interior metal ( Av. grain 
size 13*91/h , fig.- 4.4). 

This treatment also changes the structure of 
HAZ adjacent to the weldment into equiaxed grains, as shown 
in fig.- 4.6. Though it was found coarser than deposited 
metal and average grain size was 18.09^. 

4.1.3 Furnace thermo cyclic treated ( FTT) sample ; 

Microatructured changes in the weld metal due 
to FTT is shown in fig.- 4.7. Almost uniform sized equia- 
xed grain were found in the region, and average grain size 
was 13.82yU. 

Microstructure of HAZ under consideration is 
shown in fig.- 4.8. It is clear from the micrograph that 
this troatement alto changes it into equiaxed grains 
and average grain size was I6„6lyl* . 

4 * 2 Hardness measurementresrults: 

The hardness measurement results of the welded 
joint are shown in fig-. 4. 9. Untreated s, ample was found to be 




****** iif mmm of a?f ®« 

•4# 4*5 two difforont mg: ion#l of 
> §42 of poroot ■«*«!* -v 5 ox 


fig. 4*5 




4.7 Weldment 450 z 

4.8 HAZ of parent metal 450 z 
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Distance (Cm) 

Pg. 4 3. Hardness Vs Distance plots lof treated (GT 
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harder than both GTT an". FTT samples. Maximum hardness, 
was found in each case near the surface in the weldment 
and has reduced to a lower value as moved away from it. 

The maximum hardness observed on the untreated, GTT and 
FTT samples were R^ 94.7, Rg 84.5 and Rg 83 respectively. 
From hardness profile, it is clear that hardness at each 
point on the heat-treated samples are less than that of 
the untreated one. Hardness profile of FTT samples shows 
that, value is almost constant throughout HAZ, where as 
it was not observed in case of untreated and G-TT samples. 

4 . 3 Fatigue test of unnotched specimens : 

In the first set of experiments untreated 
and G-TT unnotched specimens were tested. Most of the 
specimens after failure shown d defect ( slag inclusion) 
in the weldment region. 

The data when plotted in terms of stress 
vs no of cycles to failure was found to be scattered. 

Then actual load carrying area was determined for each 
sample by subtracting the defective area from the weld- 
ment cross-sectiop, a After that; cycles to failure were 
plotted against the effective stress level, shown in 
fig.- 4.10 and data is given in table 4 . 1 . It indicates 
that for a particular stress level fatigue life of 
untreated specimens is more than that of the GTT one. 
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Table 4.1 


Fatigue test results for , GTT and untreated specimens, 
without notch. 


- A* - ■ 

S.No. Untreated/ G-TT Effective ? No. of cycles 

specimens stress Kg/wr to failure 


1 

G-TT 

36 

2.92 x 10 4 

2 

-do- 

32.7 

7.03 x 10 4 

3 

-do- 

29.7 

2.45 x 10 5 

4 

-do- 

28 

2.1 x 10 5 

5. 

I 

0 

1 

26,4 

1.02 x 10 6 

6. 

Untreated 

36.1 

5.73 x 10 4 

7* 

-do~ 

34.8 

2.09 x 10 5 

8. 

-do- 

32 

2.05 x 1C 5 

9. 

-do- 

2T.4 

1.28 x 10 5 

10. 

-do- 

27.6 

1.32 x 10 6 
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The difference in life is found less at lower stress 
values. 

4*4 Fatigue test of specimens having notch at HAZ s 

In the second set, specimens having notch at 
H AZ ( close to the weldment) were tested* Test data and 
S-N curve a for the untreated and GTT specimens are given 
in the table 4.2 and fig. 4.11 respectively. Thermocyclic 
treated specimens have shown a considerably lower life 
than the untreated specimens at higher stress level, for 

p 

example, fatigue life of untreated sample at 24 Kg/mm 
stress level was 6*9 x 10^ cycles, where -as for GTT samples 
it was only 4 x 10^ cycles. The difference in the fati- 
gue life go«on decreasing as moved towards the lower stress 

value and both (untreated and GTT) show - . almost >«same 

2 

life at a stress level 20 Kg/mm . 

Relation (2.4) was used for measurement of 
crack propagation. Fig.- ^,12 illustrates crack propaga- 
tion .rate in HAZ adjacent ’to the weldment. For a 
cular stress level, it was noted that first one mm- propaga- 
tion of crack in the untreated specimens consumed higher 
no* of cycles than that by GTT specimens, though further 
propagation of crack was fastejp&n untreated. But higher 
stress level has recorded almost equal rate of crack 
propagation in either case. It was also found that for 
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Table 4.2 


Fatigue test results for untreated and G-TT specimens having 
notch at HAZ . 


S.No. Stress level 

Kg/mm2 


Cycles to failure for 
Untreated G-TT 

specimens Specimens 


1 

26 

4.6 x 

10 4 

4 

3 X 10* 

2 

24 

6.9 x 

10 4 

4 i 10 1 

3. 

22 

i . 1 x 

10 5 

2. 6x10^ 

4. 

21 

1.45x 

10 5 

1 .2x1 O'* 

5. 

20 

4.7 x 

1 0 5 

3.8x10 5 

6. 

20 

5.7 x 

10 5 

4. 65x1 o’ 


6 





A Untreated 
& 61 T 


o Untreated 
• 6 T T 


24Kg/mm2 


26Kg/mm^ 


4.0 4.4 4.8 5.2 5.6 6.0 6.4 

InAK Range of stress intensity factor (Kg/mrr 3/2 ) 

'ig. 4.12. Crack propagation results for specimens having 

. » . it* 


nnic h nt HA 7 
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both "untreated and GTT specimens, rate of crack- 
propagation has increased withuxLncrease of the applied 
stress. 

4 . 5 Fatigue test o f specimens having notch at weld 
metal: 


Third set of experiment wer* done on the 
specimens having notch at weld metal. Untreated, GTT 
and FTT all three typos of specimens were tested in the 
present set. 

S-N curves are shown in fig*- 4.13. r oop e- etively . 
Again it was found that thermocyclic treated specimens have 
a lower fatigue life than as welded specimens at higher 
stress level.. At lower stress level the difference 
between the fatigue lif ,* has reduced considerably. GTT 
and FTT specimens have shown almost similar fatigue 
performance . 


Observed crack propagation rates are shown in 

fig.- 4.H, and it was found almost equal for all, types 

a 

of specimens. Initially crack has propagated in /quite slower 
fashion and after its deep penetration a rate comparable 
to its crack propagation rate in the HAZ was observed. 

First mm crack propagation in the untreated sample was 





Fatigue test results for 
specimens having notch at 


S.No. Stress level 
Kg/ mm^ 


1 

2 

3 

4 

5 

6 


27 

28 
26 
25 
24 


7 


23 

23.5 
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4 . 3 

untreated GTT and FM 
weldment. 

Qy C ^ eg -£ 0 failure for 

Untreated GIT FTT 

specimens Specimens Specimens 

6.2 x 10 4 " 2.2 x 10 4 - 

4.2 x 10 4 

2.7 x 10 4 3.5* 10 4 

1.7 x 10 5 3.7 x 10 4 

4.6 x 10 5 6. 35x 10 5 3.8 x 10 4 

2.1 x 10 5 3.6 x 10 5 

1 .75x i 0 5 




r* Id 







o 


? ' » 
I , IA 
'*«* .. ». 



,v, 

A 0 r " } 23 Kgi/rrry 

j. ^ T w 

/ * (. 

i 

i 

V 

t *y [j^ « 

,?, 5 T " ‘SAKj/lnwr? 


J* : * 



Fig. 4.14. Crack propagation results for specimens having notch 
at weldment. 
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found slower than G-TT specimens* 

4 • 6 Fractography: 

The scanning electron fract-o graph for untrea- 
ted and GTT specimens having notch at HAZ and tested at 
20 Kg/ mm^ are shorn in fig.- 4.15 and 4.1 6*FdPaetographs 
were taken at points close to the notch. Characteristic 
striation marls.were observed and it was found that the 
space between two striations'was less for untreated as 
Compared to the G-TT sample. 

That is initial crack propagation rate in 

untreated sample is slower than gas heat treated. 
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CHAPTER Y 


DI SCUSS ION 

J 

The re stilts of the present investigation on 
the effect of thermal cycling treatment on fatigue 
behaviour of fusion welds is discussed in this chapter. 

5.1 Effect of the treatment on Micro structure : 

The results indicate considerable changes in 
the morphology of phases ( ferrite and pearlite) due to 
the heat-treatment. The original cast structure in the 
fusion zone of the weld has been broken down and there 
is a grain refinement. During thermal cycling, the repe- 
ated dissolution of ferrite and pearlite to austenite and 
decomposition of austenite back to ferrite and pearlite 
leads to enhanced nucleation rate which leads to finer 

grain structure. Further, repeated phase transformation 

( 1 5) 

leads to enhanced diffusional flow ' which helps in 
rapid removal of segregation of carbon obtained in the 
cast structure and develope an equilibrium morphology. 

Though the grains become equiaxed, the grain 
size differences between weldment, heat affected zone 
and ourent metal persist in the gas treated samples since 
heating is confined to the weld area only. Where as in 
the furnace treated samples tim grain size is more 
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uniform. In the latter case the entire sample is heated 
and cooled uniformly. 

5-2 Effect of the tratment on fatigue behaviour : 

Though the grain size is refined and the stru- 
cture becomes more uniform the expected improvement in 
fatigue behaviour is not observed. Instead, there is a 
decreament in the fatigue strength in the low cycle 
fatigue region. 

The possible explanations: for such an adverse 
effect could be (i) Precipitation of dissolved. oxygen in 
the weld zone as iron oxide (FegO^) and growth of such 
precipitates during thermal cycling treatment v 
(ii) Independence of fatigue strength on grain size^^. 

It has been demonstrated by Irvine and Pickering^"* ^ 

that during the metal arc welding process more oxygen goes 
into the weld metal. (0.05-0. 2$) than solid iron can dissolve. 
Owing to the extremely fast cooling rate of the weld metal 
the oxygen remains in the supersaturated solid solution. In 
the temperature 20° - 200° C. or below 560°G, oxygen can 
precipitate in the form of the suinel Fe20^. The diameter 
of the precipitate particle is about 100-400 A . The lower 
precipitation temperature, the smaller is the size of the 
particles ^ , 
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This precipitation and growth of oxide par t- 
icleo is also a time and temperature dependent phenomena 
it h ,s be^n observed that size of the precipitate expone- 
ntially increases on the temper iture of annealing. During 
the thermocy cli c treatment enormous coarsening of the 
precipitates might have taken place and it might be the 
cauS'w of lower fatigue strength of treated sample at high 
stress level. 

Further it has been shown by Pelloux^^) that 
metal s with wavy slip character during plastic deformation 
show negligible grain size effect on the fatigue behaviour. 
Iron and its alloys exhibit wavy slip characteristics and 
it is expected that their fatigue strength would be inde- 
pendent of grain size. 

5 * 3 . Crack propagation in weldment and Heat affected zone; 

The results of the fatigue test on notched 
specimen indicate that : (i) the initial rate of crack 

propagation ( distance 1 mm) in the untreated sample is 
considerably slower than that in the treated samples 
(ii) the rate of crack propagation is faster beyond 1 mm 
in the untreated samples as compared to that in the trea- 


ted ones. 
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a/' 

These two contradictory results may oe 
rationalized on the "basis that the threshold stress lor 
the crack propagation in the untreated samples is higner 
than that in the treated samples. The higher thresnold 
stress of the untreated welds may be because of its lower 
oxide precipitate contents and higher dislocation density 

The difference in crack propagation in HAZ and 
"Weldment is primarily due to expected ductility differe 
nous in the two regions.HmZ ±e normally an embrittled zone 
where os the weldment is relatively ductile. 



CHAPTER VI 


CONCLUSIONS 


Following conclusions are drawn from the present 

work; 

1. Thermal cycling treatment refines the grains in both 
wold and heat affected zones of a fusion welded joint. 

2. The fatigue behaviour of fusion welded parts is adver- 
sely affected by thermal cycling treatment. The 
difference increases with increasing stress amplitude. 

3- Threshold stress for crack propagation in untreated 
weld is higher than that for the treated one. 

4. Crack propagation is faster in HAZ aa compared 

that in weld metal. So, a defect in weldJWfcftl will 
be less dangerous than the one in HAZ. 
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